Signaling pathways in the biphasic effect of angiotensin II on apical Na/H antiport activity in proximal tubule. Low concentrations of anglotensin II (Ang II) increase, whereas high concentrations inhibit the apical Na/H antiporter activity in the proximal tubule, but the respective roles of the different signaling pathways in mediating these effects remains unsettled. We studied the effects of both low and high doses of Ang II in the presence of selective signaling pathway inhibitors, on the apical Na/H antiport activity of rat proximal tubule. Experiments were carried out in intact cells of freshly prepared tubule fragments obtained from the outer third of cortex, that is, devoid of basolateral Na/H antiport activity in the absence of bicarbonate transport and H-ATPase activity. In tubules acid-loaded by an NH4C1 prepulse, Na/H antiport activity was assessed by the initial rate of intracellular pH recovery (dpHi/dt), measured with BCECF. When tubules were preincubated with low dose Ang II (10h1 M for 3 mm), dpHi/dt increased by 25 8%, whereas incubation with high dose Ang II (10 M for 3 mm) decreased dpHi/dt by 30 4%, compared to control (P < 0.01 in both cases). Both effects were abolished in the presence of 2.10 M amiloride. Low dose Ang TI-induced increase in dpHi/dt was not affected by preincubation with a specific PKA inhibitor, Rp-CPT-cAMP i0' M, and was completely abolished by preincubation with PKC inhibitors, staurosporine i0 M, sphingosine 5.10 M, or calphostin 10 M. In addition, pretreatment of rats with pertussis toxin led to a partial inhibition of the effect of low dose Mg II. The high dose-Mg It-induced decrease in dpHi/dt was not affected by pretreatment with a calcium-calmodulin kinase inhibitor W-7 iO M. Conversely, pretreatment with the cytochrome P-450 inhibitor econazole 10 M reversed the inhibitory effect of high dose Aug II to a stimulatory effect (24 8%, P < 0.01), quantitatively similar to the effect of low dose Aug II. In addition, arachidonate was found to exert an econazole-sensitive dose-dependent inhibitory effect on dpHi/dt, and 5,6-EET 10_6 M, a cytochrome P-450 derived-arachidonic acid metabolite, induced a 38 9% inhibition, similar to that observed with high dose Mg II alone. There was no additive effect of 5,6-EET and high dose Ang II. Finally, pretreatment with two PLA2 inhibitors (BromoPhenacyiBromide, 6.10 M, and oleyloxyethyl phosphoiylcholine, 5.106 M) reversed the inhibitory effect of high dose Mg II to a stimulatory effect (32 11% and 25 11%, respectively, P < 0.05 for both inhibitors). We conclude that, in intact rat proximal cells, low dose Mg II stimulates the apical Na/H antiport through a pertussis toxin-sensitive G protein-dependent PKC pathway, whereas high dose Ang II inhibits the Na/H antiport activity through the'\ PLA2-and cytochrome P-450-dependent metabolites of arachidonate.
In in vivo microperfusion experiments in rat proximal tubule, low circulating concentrations of Ang II, which enhance bicarbonate absorption, are associated with a decrease in tubular fluid cyclic AMP delivery, and luminal perfusion with dibutyryl cyclic AMP to clamp intracellular cyclic AMP abolishes the effect of Ang II [4] . In addition, the effect of low circulating concentrations of Ang II is attenuated by pretreatment of rats with pertussis toxin [4] . These experiments suggest that the effects observed may occur via PKA inhibition. However, no study testing the effect of PKA inhibition in the Mg TI-induced increase in bicarbonate absorption is available. In addition, in opposum (OK) cell lines, the Mg IT-induced increase in Na/H antiport activity is cyclic AMPindependent [5] . Moreover, in in vivo experiments in rat proximal tubule, the increment in solute and water absorption induced by low dose of Aug II is partly or completely inhibited by PKC inhibitors (sphingosine and H-7) [6, 7] , which suggests that PKC may be involved in the effects of Ang II. However, these PKC inhibitors are relatively nonspecific [8] . It is confusing that in rabbit proximal tubule cells in culture Ang II is not able to stimulate inositol phosphate (IPs) production [9] .
The inhibitory effect of high doses of Ang II on HC03 absorption in proximal tubule may be mimicked by the calcium ionophore ionomycin and suppressed by 3,4,5-trimethoxybenzoic acid 8-(diethylamino) octyl ester (TMB-8) used as a blocker of intracellular Ca2 mobilization [7, 10] . The results led to the proposal that high concentrations of Ang II may reduce proximal tubular transports through an increase in cytosolic Ca2, in agreement with the finding that calcium-calmodulin-dependent kinase (Ca-CaM-K) directly inhibits the activity of the reconstituted Na/H antiporter [111. Finally, in rabbit proximal cells in culture, the inhibitory effect of high doses of Mg II on the apical Na/H antiporter is suppressed by ketoconazole which is an where other hormones or neurotransmitters may be involved, intact vs. cultured cells). Recent studies from our laboratory using freshly isolated proximal tubule fragments have shown that Ang II reduces cyclic AMP production and also stimulates inositol phosphate production with a concomitant rise in cytosolic Ca2 mainly due to mobilization of cellular stores [13] . These effects are time and concentration-dependent and are coupled with AT1 receptor subtypes. The aim of the present study was to test in this preparation of rat intact proximal tubule cells, first the role of PKA inhibition and PKC activation in the Ang Il-induced stimulation of the apical Na/H antiport, and second the role of Ca-CaM-K and the epoxygenase-derived metabolites of arachidonate in the inhibitory effect of Ang II.
Methods

Tubule isolation
Renal proximal tubules were prepared from 250 to 300 g male Sprague-Dawley rats allowed free access to regular rat chow and tap water until anesthetized with pentoharbital sodium. The kidneys were perfused in situ with saline (9 g NaCl/liter) containing 0.5% (wt/vol) magnetic iron oxide as previously described [13, 14] . The kidneys were removed and the outer third of the cortex separated and cut into pieces. Collagenase digestion (0.5 mg/mI) was performed by four 10-minute treatment periods at 37°C in Hanks' solution (Solution A, Table 1 ) containing 0.1% bovine serum albumin (BSA) and bubbled with 95% 02-5% CO2. After each period, supernatants containing tubule fragments were collected after one-minute gravity sedimentation and stored on icc. After the last digestion, these supernatants were sieved through 75-p.m opening nylon mesh, harvested with solution A containing 1% BSA, and centrifuged (1 mm, 50 g, 4°C). The suspension was washed once by centrifugation (1 mm, so g, 4°C) and resuspended in the solution A under an atmosphere of 95% 02-5% CO2 before magnetic separation of the glomeruli. Tubular segments were of high viability (> 95% excluded trypan blue) and contained <2% glomeruli, as previously reported [13] .
Measurement of intracellular pH
All experiments in the study were carried out in C02/bicarbonate-free media. To load proximal tubules cells with the pHsensitive probe BCECF, tubule suspensions were incubated for 30 to 45 minutes at 37°C in a bicarbonate-free medium (solution B) containing 0.1% BSA and 0.012 mvi BCECF-acetoxymethyl ester [BCECF-AM, dissolved in dimethylsulfoxide (DMSO) and stored at -20°C], and adjusted at pH 7.40 with Tris. Two different ways of intracellular acidification were used in this study.
Acidification by nigericin of Na-depleted cells
In a set of experiments specifically designed to assess the functional characteristics of the Na/H antiporters present in the preparation, the BCECF-loaded tubules were washed five times by gentle centrifugation in a Na-free medium (solution F) and resuspended in the same solution containing 0.1% BSA, and adjusted at pH 7.40 with Tris. Aliquots of the tubule suspension were subsequently incubated at 37°C in the latter medium, together with i0-M ouabain for three minutes in order to prevent Na transport out of the cells during the measurement of Na/H antiport activity. Afterwards, nigericin (10 p.M) were added to the aliquot. After one minute, the tubules were washed with 1% (wt/vol) BSA in Na-free solution and was pelleted by gentle centrifugation (1 mm, 50 g, 37°C) The supernatant was discarded, and the tubules were resuspended in 100 p.1 of the latter medium and diluted into glass cuvettes containing 2.5 ml of a Na-free medium (solution G) to reach a final cytocrit of -1 vol%c. For each aliquot, the medium contained 200 nivi bafilomycin Al, in order to inhibit any H-ATPase activity [15] , iO M ouabain, and 2 p.M of H0E694 or vehicle. After a one minute recording, NaC1 was added into the cuvette to reach a final Na concentration of 10 mM.
Acidification by a NH4 prepulse In most experiments in this study, tubular cells were acidified by a NH4 prepulse. The BCECF-loaded tubules were washed four times by gentle centrifugation to remove the cxtracellular dye and resuspended in solution C containing 0.1% BSA, and adjusted at pH 7.40 with Tris. Aliquots of the tubule suspension were subsequently incubated at 37°C in the latter medium, together with the appropriate concentration of Ang 11 and/or signaling pathway inhibitors (see below). After the completion of treatment, each aliquot was rinced once in solution D adjusted at pH 7.40 with Tris, and was pelleted by gentle centrifugation (1 mm, 50 g, 37°C). The supernatant was discarded, and the tubules were resuspended in 100 p.1 of the latter medium and diluted into glass cuvettes containing 2.5 ml of the solution E to reach a final cytocrit of -1 vol%c. For each aliquot, the medium contained 200 nM bafilomycin Al, in order to inhibit any H-ATPase activity [15] , and the same concentration of Ang II and/or signaling pathway inhibitor as the treatment medium. Acute intracellular acidification was obtained by incubating the tubules in a medium containing 20 ms'i NH4C1 (solutions C, and D), and resuspending in a NH4CI-free solution (solution E).
BCECF fluorescence was monitored by use of a Shimadzu model RF-5000 spectrofluorometer (Shimadzu Corporation, Kyoto, Japan) equipped with a water-jacketed, temperature controlled cuvette holder, and a magnetic stirrer. All experiments in the present work were performed at 37°C. Fluorescence intensity was recorded at one emission wavelength, 525 nm, whereas the excitation wavelength alternated automatically at 2 second intervals between 500 and 450 nm. The values of the fluorescence ratio F 500/F 450 were converted into pHi values with use of calibration curves. Calibration curves were established twice on each experiment, on two samples of the tubules suspension. The relationship between intracellular BCECF fluorescence and pHi was determined under conditions during which pHi and extracellular pH may be assumed to be equal, that is, by placing the cells in medium containing 120 m potassium and 3.3 jx of the K/H ionophore, nigericin. The initial rate of pHi recovery (dpHi/dt) was calculated by a computer-assisted fitting of the first 12 seconds of the time course of pHi recovery to a linear equation. Correlation coefficients for these linear fits averaged 0.98 0.01.
cAMP determination
The method for measurement of cAMP production by the tubules has been previously described [13] . Tubules were incubated in a Ringer's solution (solution H) containing 1 mvi isobutylmethyixantine (IBMX) for 10 minutes, after which 0.3 ml samples of this suspension were withdrawn and transferred to prewarmed tubes containing 3 pl of hormone or vehicle. After four minutes the reaction was stopped by addition of 33 jxl HCIO4 (50%) and quickly centrifuged (1000 g, 15 mm, 4°C). The supernatant containing cAMP was neutralized with saturated K2C03. The production of cAMP by the tubules was determined by radioimmunoassay (Amersham) after deproteinization of the samples. When the effect of pertussis toxin was studied, animals were prepared three to four days before study by the injection of pertussis toxin (20 jxg/kg body wt) according to published protocols [13, 16, 17] . 
Results
Only apical Na/H antiport activity was present in the preparation These experiments have been carried out in Na-depleted, nigericin-aeidified proximal tubular cells. The time course of intracellular pH of acidified cells in a Na-free medium and the rate of intracellular pH recovery after addition of 10 m Na, in the absence or presence of 2 xM H0E694, is shown in Figure 1 . No pH recovery was observed in Na-free medium, indicating that the pH recovery was entirely a sodium-dependent process. Second, 2 M H0E694, which inhibits the NHEI isoform by -90% whereas the other NHE isoforms are either not affected or marginally inhibited [18] , did not affect the rate of pH recovery induced by the addition of Na. These results indicate that, in the suspension of superficial proximal tubules studied, there is, on a functional basis, no NHE1 isoform (the basolateral antiporter).
All the following experiments were conducted in proximal A significant bicarbonate transport contributing to the acute changes in pHi could he ruled out because all the experiments were conducted in the absence of the C02/HC01 buffer system and that pHi recovery was not affected by the presence of 10 M SITS (not shown).
Taken together, these results indicate that the recovery of intracellular pH after a cellular acidification was mediated by a Na-dependent process sensitive to amiloride, that is, the apical Na/H antiporter(s). Therefore, dpHi/dt was taken as an estimate of the apical Na/H antiport activity Low dose Ang II stimulates and high dose Ang II inhibits apical Na/H antiport activity The addition of low dose-Ang 11 (10 M, 3 mm preincubation) induced a 25 8% increase in dpHi/dt as compared with control conditions (P < 0.01; Fig these results indicate that Ang II has a biphasic effect on the rate of recovery of intracellular pH, and acts through the AT1 receptor subtypes.
Ang 11-induced stimulation of the apical Na/H antiport activity is not reduced by protein kinase A inhibition Treatment of tubules with i0-M Rp-8-CPT-cAMP (a selective and competitive inhibitor of P1(A) for 30 seconds before addition of low dose Ang II did not affect the stimulating effect of low dose Ang II on the apical Na/H antiport activity, and Rp-8-CPT-cAMP alone had no effect (Table 2 ). To be sure that Rp-8-CPT-cAMP actually inhibited protein kinase A, we carried out experiments on the effect of forskolin (10 M) on dpHi/dt in the presence and absence of iO-M Rp-8-CPT-cAMP. Treatment for two minutes with forskolin alone clearly inhibited the apical Na/H antiport activity (0.248 0.023 vs. 0.380 0.044 UpH/min for forskolin and control, respectively, P < 0.02, N 8 in each group). This inhibitory effect was completely blunted when tubules were treated with Rp-8-CPT-cAMP for 30 seconds before addition of forskolin (0.376 0.012 IJpH/min,N = 8), thereby demonstrating that Rp-8-CPT-cAMP efficiently inhibits the forskolin-induced decrease in Na/H antiporter activity. In addition, the positive effect of forskolin in the absence of Rp-8-CPT-cAMP establishes that protein kinase A was normally efficient in our preparation. + Ang II sporine alone had no effect (Fig. 3A) . Treatment of tubules with 5.106 ci sphingosine for 10 minutes prior to addition of 10'' M Ang II totally abolished, as did staurosporine, the effect of Ang II. In addition, sphingosine alone did not induce any change in the rate of recovery of intracellular pH (Fig. 3B) . Treatment of tubules with 10 M calphostin for 10 minutes prior to addition of 10 ci Ang II totally abolished the effect of Ang II, as did staurosporine and sphingosine; in addition, caiphostin alone did not induce any change in the rate of recovery of intracellular pH (Fig. 3C) . Thus, treatment with three different PKC inhibitors led to the same result, that is, a complete inhibition of the stimulating effect of low dose Ang II on the Na/H antiport activity.
PKC-dependent Ang 11-induced stimulation of apical Na/H antiport activity is pert ussis toxin-sensitive Pretreatment of rats by pertussis toxin (20 xg/kg body wt intravenously, 3 to 4 days prior to experiments) did not induce any change in the rate of recovery of intracellular pH as compared to control rats. Treatment of tubules by 10h1 M Aug TIled to an increase in dpHi/dt of 12 5%, P < 0.05, when tubules were obtained from rats treated by pertussis toxin, and of 25 6%, P < 0.01, when tubules were obtained from control rats (Fig. 4A ). Thus, treatment by pertussis toxin led to a partial inhibition of the effect of low dose Ang II on the Na/H antiporter (-53 16%, P < 0.01). In addition, in tubules obtained from pertussis toxintreated rats and incubated with the PKC inhibitor staurosporine (10-v M, for 8 mm prior to addition of Ang II), the effect of Ang II on dpHi/dt was completely abolished as with the PKC inhibitor alone (Fig. 4B) . These results suggest that a pertussis toxinsensitive signal mediated in part the effect of low dose Ang II through PKC pathway. To assess the efficiency of the pretreatment with pertussis toxin in our preparation, we examined the effect of Ang II on the cAMP production of tubules obtained either from control or pertussis toxin-treated rats. Because, even in the presence of IBMX, the basal cAMP production was low and its inhibition by Ang II of small magnitude [13] , we studied the effect of iO-M Ang II (a concentration at which the maximal inhibitory effect on cAMP production had been observed [13] (N = 7) UpH/min, P < 0.01], respectively, as compared with controls). However, high dose Ang 11 induced a similar decrease in dpHi/dt whether tubules were incubated with W-7 (-51 7% vs. W-7 alone, P < 0.01) or not (-43 9% vs. control, P < 0.01; Table 3 ). Thus, despite its own stimulatory effect on the basal activity of the apical Na/H antiport activity, W-7 did not affect the inhibitory effect of high dose-Ang IT on the antiport activity. Moreover, since one study in the mouse has suggested that low dose Ang II stimulates luminal acidification in the proximal tubule in vitro through a calcium calmodulin-dependent mechanism [19] , we tested the effect of TFP and W-7 on the low dose effect of Ang II. Low dose Ang TI induced a similar increase in dpHi/dt, whether tubules were incubated with W-7 (20 8% vs. W-7 alone, P < 0.05) or not (21 9% vs. control, P < 0.05; Table 4 ). The same results were obtained with TFP and Ang II (Table 4 ). control, P < 0.005). If econazole blocked the production of arachidonate metabolites dependent of cytochrome P450-epoxygenase, arachidonate and its metabolites should be expected to inhibit the basal Na/H antiport activity. Indeed, arachidonate (3 mm preincubation) decreased dpHi/dt in a dose-dependent manner ( Fig. 6 ) with a maximum effect reached at 10 M (-31 6%, P < 0.01). When tubules were pretreated for two minutes with econazole (10 M), i0 M arachidonate did not exhibit its inhibitory effect on the apical Na/H antiport activity (Fig. 6 ), which indicates that the arachidonate effect was mediated through its cytochrome P-450 metabolites. Finally, we tested the effect of 5,6-EET, an epoxide preferentially produced by the rat proximal tubule cells 1201. When tubules were incubated for three minutes with 10 6 M 5,6-EET, dpHi/dt was clearly decreased as compared to control condition (-30 8%, P < 0.05), and the decrease was similar to that observed with high dose Ang 11. In addition, there were no additive effects of 5,6-EET and iO M Ang 11, suggesting that 5,6-EET is the main epoxide involved in the inhibitory effect of Ang II (Fig. 7) . The 30% decrease in dpHi/dt induced by high-dose Ang II alone was reversed to a 24% increase when Aug IT was added in the presence of econazole.
Ang 11-induced inhibition of the apical Na/H antiport activity is suppressed by phospholipase A2 inhibitors The effect of arachidonic acid and econazole suggested that the inhibitory effect of high dose-Ang II could be mediated by the hormone-induced activation of PLA2 and the subsequent cascade. In order to test this possibility, we studied the effect of two PLA2 inhibitors on the decrease in dpHi/dt induced by i0 M Ang II. When tubules were treated by either bromophenacyl bromide (BPB, 6.6 106 M) or oleyloxyethyl phosphoryicholine (OPC, 5 i0' M) for two minutes before the addition of Ang II, the inhibitory effect of Ang II was reversed and, instead, an increase in dpHi/dt was observed (Table 5) , leading to the conclusion that inhibition of PLA2 unmasks the stimulating effect of Ang II.
Discussion
The present study, carried out in intact cells from freshly isolated rat proximal tubule fragments, confirms that low dose Ang II stimulates, whereas high dose Ang II inhibits, the apical Na/H antiport activity, and add new information about the relevant signaling pathways. Indeed, it clearly demonstrates that: (1) the PKC pathway is the main signaling cascade involved in the stimulating effect of low dose Ang II, whereas the PKA pathway has no significant role; (2) the PLA2-and cytochromc P-450-epoxygenase-dependent metabolites of arachidonic acid, mainly 5,6-EET, are involved in the inhibitory effect of high dose-Ang II in the rat; (3) calcium-calmodulin-dependent kinase, which exerts a tonic basal inhihition on the Na/H antiport activity, does not play a significant role in the mediation of the effects of Ang 11.
After an intracellular acidification, no pHi recovery was observed when pHi was recorded in a Na-free medium; addition of extracellular sodium elicited a prompt recovery of pHi (Fig. 1), indicating that the pHi recovery is a Na-dependent process.
Amiloride (2 x iO M) markedly inhibited the rate of recovery of intracellular pH after an acute cellular acidification (NH4 prepulse). This result is in keeping with those obtained by others, using the same methods of acute intracellular acidification and intracellular pH measurement 21]. The inhibition by amiloride is not complete, however, since 16% of the rate of pHi recovery remains in the presence of amiloride. However, since initial pH were different between controls and amiloride-treated cells, the absolute values of dpHi/dt were not readily comparable. Nevertheless, since initial pH was lower in amiloride-treated cells than in controls, it can be thought that the amiloride-induced inhibition of pHi recovery is, if anything, under-rather than overestimated. It was technically impossible to test a higher amiloride concentration in order to completely inhibit pHi recovery because of the increasing quenching of the fluorescent signal. A significant bicarbonate transport contributing to the acute changes in pHi could be ruled out because all experiments have been conducted in the absence of the C02/bicarhonate buffer system and pHi recovery was not affected by the presence of io M SITS. Taken together, these results establish that the proton transporter responsible for the pHi recovery under our experimental conditions is a Na-dependent and amiloride-sensitive process, that is, a sodium-proton antiport.
Further, we can argue that the Na/H antiport activity studied in our preparation is located in the brush border membrane. First, mRNA encoding for NHEI (the basolateral isoform of the Na/H antiporter) is not detectable in Si and S2 segments from superficial and most midcortical nephrons of rat kidney [22] . Because, in our study, tubule segments were obtained from the outer millimeter of the rat kidney cortex, the proportion of juxtamedullary proximal tubules is very low and, subsequently, our preparation contains virtually no basolateral Na/H antiporter. Second, 2 ILM of the discriminant NHE inhibitor, HOE 694, do not affect the rate of recovery of intracellular pH after acute addition of Na (10 mM). In this setting, however, NHE1, if present, should have been inhibited by -90% [18] . We can, therefore, conclude that, in keeping with the absence of NHE1 mRNA in superficial proximal tubules, there is, on a functional basis, no NHE1 antiport activity in our preparation. In addition, both the prompt pHi recovery which follows Na addition, and the inhibitory effect of amiloride indicate that drugs gain access to the apical antiporter(s).
The stimulation of the apical Na/H antiport activity in proximal tubule is a well-documented effect of low dose Ang IT, which has been demonstrated either directly [21, [23] [24] [25] or indirectly by the measurement of transepithelial sodium and bicarbonate fluxes [1, 2, 26] . Two different but not exclusive signaling pathways have been proposed, the cyclic AMP-PKA and the phospholipase C-PKC cascades. The role of the former pathway has been initially suggested on the following data: most experiments have shown that low dose of Ang II reduces cyclic AMP production by proximal tubule cells in vivo and in vitro [4, 12, 13, 27] . More importantly, an exogenous permeable form of cyclic AMP to clamp intracellular cyclic AMP prevents Ang II from stimulating HC01 absorption [4] . However, in OK cells in which the Ang TI-induced stimulation of Na/H antiport is cyclic AMP-independent, exogenous 8-bromo-cyclic AMP is able to prevent the effect of the hormone, suggesting nonspecific effects [5] . The best approach to demonstrate or exclude an involvement of the PKA pathway in the mediation of the effect of low dose Ang II on apical Na/H antiporter activity is to use a specific PKA inhibitor, an experiment not previously reported for Ang II. In the present experiments, the specific PKA inhibitor (Rp-8-CPT-cAMP) alone did not affect the apical Na/H antiport activity, and low dose Ang TI-induced stimulation of Na/H antiport was not affected by pretreatment with Rp-8-CPT-cAMP. These results rule out a significant role of PKA in the observed effect of low dose Ang II on Na/H antiport activity.
The second signaling pathway possibly involved in the low dose Ang IT-induced stimulation of Na/H antiport is the PLC-PKC cascade. However its role remains controversial. In in vivo experiments in rat proximal tubule, PKC inhibition either reduces or abolishes the effects of low dose Ang IT, but the inhibitors used in these studies [5, 6] may be not specific for PKC and may affect multiple kinase pathways [8] . In addition Ang TI is not considered to stimulate IPs production from results in rabbit proximal cells in culture [9] . Tn the present study, low dose Ang II clearly stimulates the apical Na/H antiport via PKC pathway. First pretreatment of proximal tubules with three different PKC inhibitors (staurosporin sphingosine, and the specific one caiphostin) led to a complete inhibition of the Tow dose Ang IT-induced stimulation of Na/H antiport. In addition we found that a pertussis toxinsensitive GTP binding protein may he involved in the activation of PKC by Ang II, as previously described in mesangial cells [28] . Second, our previous results demonstrate that Ang II stimulates TPs production in freshly prepared rat proximal tubules through AT1 receptor subtypes. Ang II induces a losartan-sensitive and concentration-dependent early increase in IPs production with a concomitant rise in cytosolic Ca2 mainly due to release from intracellular stores [13] . Moreover, we recently showed that Ang 11 induces a dose dependent translocation of PKC isoforms in brush border membranes of rat proximal tubules [29, 30] . Finally, preliminary data from our group showed that the low dose Ang II (10 ' M) induced a PKC-dependent increase in protein phosphorylation in brush border membranes isolated from pretreated rats, as compared to controls (unpublished results). Our results are in discrepancy with those from one group which did not find an increase in TPs production following Ang TI addition in rabbit cultured proximal cells [9] . Although the explanation for this difference is not readily apparent, species difference (rat vs. rabbit) or, more probably, experimental difference (freshly prepared proximal tubules or cultured cells on permeable supports vs. cultured cells on plastic impermeable supports) could be one factor. Indeed, in rat proximal tubule cells cultured in permeable collagen-coated supports, Ang IT has been reported to increase TPs production through AT1 receptor subtypes [31] . High dose Ang II is well known to inhibit transepithelial fluid, sodium and HCO3 absorption in the proximal tubule [1, 2, 10, 32] . Thus in the present study the observed inhibition of the apical Na/H antiport activity by high dose Ang II is a further confirmation that the effects of Ang TI on the pH recovery are well mediated by a modulation of the apical Na/H antiport activity.
Two main signaling pathways have been proposed to mediate this effect: the calcium-calmodulin-dependent kinase [7, 10, 32 ] from experiments in intact perfused proximal tubule, and the cytochrome P-450-dependent metabolites of arachidonate from experiments in rabbit proximal cells in culture [12] . Calcium calmodulin-dependent kinase has been shown to inhibit the Na/H antiport activity in brush border membranes from proximal tubules [11] and the apical Na/H antiporter of the cell line LLC-PK1 [33] . The inhibitory effect of high dose-Ang II in the proximal Na/H antiport activity from rat kidney, was mimicked by the Ca2 ionophore ionomycin [10] and suppressed by TMB8 [7, 10] , which prevents the release of calcium from intracellular stores. Therefore, it has been suggested (but not demonstrated) that the increase in cytosolic Ca2 induced by high dose-Ang II inhibits the absorption of HC03 in proximal tubule through the stimulation of calcium calmodulin-dependent kinase [10] . In the present study, we found that two different calcium calmodulindependent kinase inhibitors, TFP and W-7, stimulated the Na/H antiport activity, indicating that the calcium calmodulin-dependent kinase exerts a basal tonic inhibition on the transporter(s). However, high dose-Ang II equally reduced the Na/H antiport activity, whether or not the calcium calmodulin-dependent kinase was inhibited. These results indicate that the calcium calmodulindependent kinase is not involved in the mediation of the high dose-effects of Ang TI.
The findings of the present study with intact proximal tubules, strongly support that the inhibitory effect of high dose Ang II is mediated by an increased production of cytochrome P-45 0-epoxygenase-dependent metabolites of arachidonate through stimulation of PLA2. First, the epoxygenase inhibitor econazole blocked the high dose Aug Il-induced inhibition of the apical Na/H antiport activity, and unmasked the PKC-dependent stimulation of the antiport. Second, acute addition of arachidonate inhibited the Na/H antiport in a dose-dependent manner, and the effect was suppressed by econazole. Third, 5,6-EET, an important epoxide produced by the rat proximal tubule cells [20] , reproduced the effect of high dose Ang IT, and the effect of 5,6-EET and high dose Ang II were not additive. Finally, inhibition of PLA2 suppressed the inhibitory effect of Mg II. These results are in agreement with those obtained in rabbit proximal cells cultured on permeable supports [12] . Whether the stimulation of PLA2 by Ang TI is a direct effect of the hormone or an indirect consequence of the activation of the PLC-dependent cascade remains to be determined.
In summary, in intact rat proximal tubule cells in vitro, the stimulation of PKC is the predominant (if not exclusive) mechanism involved in the low dose Ang TI-induced increase in the apical Na/H antiport activity. The stimulation of PLA2 with subsequent rise in cytochrome P-450-dependent metabolites of arachidonate is the main mechanism involved in the high dose Ang Il-induced inhibition of the Na/H antiporter. In the presence of high doses of Ang II, blocking the generation of cytochrome P-450-dependent metabolites of arachidonate by econazole, unmasks the increase in the Na/H antiport activity. When the concentration of Ang II is progressively increased, the dosedependent increase in PLA2-induced generation of cytochrome P-450 metabolites of arachidonate progressively counterbalances the PKC-dependent stimulation of the Na/H antiporter(s), and, eventually, leads to a net decrease in Na/H antiport activity.
